The presence of organic mercury (methylmercury) in tuna, salmon and kani sushis marketed in restaurants specialising in Japanese foods (Campinas, São Paulo, Brazil), was investigated by atomic absorption spectrometer with thermal decomposition and amalgamation. Total mercury was analyzed directly, whilst organic mercury was quantified after a previous extraction with toluene in an acid solution, assisted by microwaves. Under these analytical conditions there was no interconversion between the inorganic and organic mercury. High sensitivity was observed for organic mercury, with limits of detection and quantification of 2.0 and 6.6 mg kg
Introduction
Fish is recognized as an important source of many essential nutrients and its consumption is widely encouraged to prevent hypertension, cancer and coronary heart disease (Sioen, Henauw, Verdonck, Thuyne, & Camp, 2007) . However, fish can contain toxic elements in their tissues, such as Hg, and consequently may represent a source of human exposure to such components (Burger, Stern, & Gochfeld, 2005; Dorea & Barbosa, 2005; Morgano, Rabonato, Milani, Miyagusku, & Quintaes, 2014) .
The effects of high exposure to Hg in humans include neurodevelopmental deficits (JECFA, 2004; Steuerwald et al., 2000) , poor cognitive performance (Freire et al., 2010; Oken et al., 2008) , increased rates of cardiovascular disease (Choi et al., 2009) , and neurological and locomotion deficits (Hightower & Moore, 2003; Hites, Carpenter, Hamilton, Knuth, & Schwager, 2004) . The National Health and Nutrition Examination Survey estimates that 8e15% of fetuses in the USA have excessive exposure to Hg (Trasande, Landrigan, & Schechter, 2005) . Recently, the FDA (US Food and Drug Administration) and EPA (US Environmental Protection Agency) have advised pregnant women, those who may become pregnant, breastfeeding mothers, and young children to broaden the variety of fish they eat and choose those lower in Hg, restricting fish consumption to 2 or 3 servings/week (Burger, Stern, & Gochfeld, 2005) .
Mercury can be found in the environment in various chemical species. All Hg species are considered toxic, but organic species such as methylmercury (MeHg þ ) and ethylmercury are considered more toxic than elemental Hg and its inorganic species. It is well recognized that the main pathway of human exposure to Hg is through eating fish containing MeHg þ , which is the most common Hg species found in fish. Due to biomagnification along the food chain, MeHg þ reaches maximum levels in fish at the top of the food chain, and as a result, about 90% of the total Hg present in fish can be found as MeHg þ (Horvat & Gibi _ car, 2005 ). An accurate analytical method for the determination of organic Hg species is required to assess the real toxicity of the samples (Harrington, 2000) . The analysis of organic Hg is generally carried
Materials and methods

Instrumentation
The technique of TDA AAS using a direct mercury analyzer (DMA-80, Dual Cell, Milestone, Sorisole, Italy) was used to quantify both the total and organic mercury content of sushi samples. The organic mercury extracts were obtained via microwave extraction (Start E, Milestone, Sorisole, Italy) . The samples were heated in a nickel or quartz container, making use of compressed air as the oxidant gas. A catalyst removed the combustion products and the Hg vapors were trapped in a gold amalgamator. Temperatures around 850 C were applied for desorption, and the Hg content was quantified by determining the absorption at 253.7 nm.
Reagents and standards
Only analytical grade reagents were used in this study. The water (18.2 MU cm) was purified using a reverse osmosis system (Gehaka, São Paulo, Brazil) and the nitric acid using a sub-boiling distiller (Distillacid, Berghof, Eningen, Germany). Toluene (Synth, Diadema, Brazil) and a 30% HCl solution (Merck, Darmstadt, Germany) were used for the microwave extractions. A 2.5% L-cysteine solution (Sigma, Steinheim, Germany) was prepared to stabilize the organic mercury species. Certified standard solutions of mercury at 1000 mg l À1 (Fluka, Sigma Aldrich, Steinheim, Germany) were used to construct the analytical curves, together with a 0.5% (v/v) solution of HNO 3 .
Samples
A total of 60 sushi samples were acquired from different Japanese restaurants and supermarkets located in Brazil Southwest (city of Campinas, São Paulo state), with 20 samples each of the most consumed types of sushi: 20 samples of Yellowfin tuna (Thunnus albacares), 20 of salmon (Salmo salar) and 20 of kani (a mix of fish species flavoring with crab meat). Yellowfin tuna came from the South and Southwest area of the coast of Brazil, which is included in FAO fishing area (Atlantic, Southwest). Salmon samples came from Chile coast, whilst kani were acquired from distribution centers located in the Southeast of Brazil.
The samples were separately triturated according to their specie, taking a complete dish with all ingredients, using a domestic processor to obtain a homogenized mass. The homogeneous mass samples were kept under freezing until analyses. Sample portions weight was determined experimentally as, approximately, 150 g (6 pieces of sushi).
The contribution of each sushi component (seaweed, rice, kani, and/or fish) was determined in a previous work of our group. The obtained values were, in average: 65% of rice, 30% of fish and/or kani and 5% of seaweed (Morgano et al., 2015) .
2.4. Determination of total and organic mercury in the sushi samples
Determination of total mercury
For the determination of total mercury, the homogenized samples were weighed directly into nickel containers and the value determined using TDA AAS. According to Morgano et al. (2015) the optimal conditions for the total mercury analysis were: drying process (200 C for 60 s) and decomposition process (600 C for 180 s), using a 60 mg sample.
Determination of organic mercury
The extraction method for the organic species present in sushi samples was developed using a certified reference material (CRM) with a certified MeHg þ value. The following parameters were optimized: the extraction temperature employed in the system assisted by microwaves; the extraction time; the concentrations of the L-cysteine solution and the volume of organic solvent (toluene) (Carbonell, Bravo, Fernandez, & Tarazona, 2009; Huang, Pan, Han, Wu, Tang, & Tan, 2012; Maggi, Berducci, Bianchi, Giani, & Campanella, 2009 and Ruiz-de-Cenzano, Rochina-Marco, Cervera, & de laGuardia, 2014) . The samples were subjected to closed extraction assisted by microwaves using an organic solvent (toluene) in an acid solution. A PFA teflon extraction vessel was weighed on an analytical balance and a 1 g aliquot of sample introduced, to which was added: 8 mL of toluene pa, 1 mL of demineralized water and 0.75 mL of a 30% (v/v) HCl solution. The vessels were sealed and transferred to a 1000 W microwave extractor which was programmed as follows: (a) room temperature to 110 C in 10 min; (b) maintain a constant temperature of 110 C for 5 min. After cooling, the vessels were opened and a 4 mL aliquot of the organic phase withdrawn and transferred to a centrifuge tube containing 2 mL of a 2.5% L-cysteine solution (w/v). After manual agitation, the solution was centrifuged for 6 min at 3500 rpm and the aqueous phase used for the analysis.
A DMA analyzer was used to determine the organic mercury fraction by measuring 100 mg of the aqueous phase containing Lcysteine organic mercury into a quartz vial. The optimal reading conditions in the mercury analyzer were: sample drying temperature ¼ 120 C for 60 s; decomposition temperature ¼ 300 C for 180 s; desorption temperature ¼ 850 C for 12 s; absorbance determined at 253.7 nm. The ranges for the two detection cells of the equipment were: 0.5e20 mg kg À1 and 20e1000 mg kg À1 .
Stability of the organic mercury extracts
The stability of the organic extract was tested under two conditions: storage in polypropylene tubes under ambient (22 C) and refrigerated (4 C) conditions; and also in glass tubes under ambient and refrigerated conditions. The determination continued for 22 days according to the amount of extract available.
Exposure risk assessment of methylmercury from the consumption of sushi
To estimate the exposure to organic mercury, the occasional consumption (1 portion/week) to the moderate consumption (7 portions/week) of sushi was considered:
Estimated exposure to methylmercury portion of 150 g and 20 g of sushi were considered for a 60 kg adult and a 15 kg child body weight (bw), respectively; the estimated exposure to methylmercury (mg kg À1 bw À1 ).
The maximum number of tolerated weekly portions for adults and for children was indicated by values above 100% of PTWI:
where MeHg WHO, 2015) .
Results and discussion
Validation of the method for the determination of total and organic mercury
The method was validated based on the INMETRO (2011) recommendations and consisted of evaluating the following: linearity of the analytical curves, accuracy (using certified reference materials and recovery tests), sensitivity (detection and quantification limits) and the precision.
The evaluation of linearity was assessed by the regression coefficients of the analytical curves obtained for the two mercury analyzer cells. For both concentration ranges (low: 0.5e20 mg kg , respectively; "s" being the standard deviation value for the concentrations of seven replicates. These values were lower than those reported by Kuballa, Moellers, Schoeberl, and Lachenmeier (2011) , respectively), the sample preparation method was applied using two extraction stages and a large amount of chemical reagents: about 35 mL of toluene and 10 mL of concentrated HBr. In the method proposed here, smaller solvent volumes were used and only one extraction step.
The accuracy of the MeHg þ method was assessed using certified reference materials (NRC TORT-2 lobster hepatopancreas and NCR DORM-4 fish protein) and recovery trials at three levels. In our previous study (Morgano et al., 2015) , accuracy for total mercury method was evaluated using three certified reference materials with similar compositions to the sushi samples: NIST SRM 1568b rice flour, NIST SRM 1566b oyster tissue and NCR DORM-4 fish protein. Table 1 summarizes the obtained results.
As shown in Table 1 , the recovery ranged between 94 and 111% for methylmercury, consistent with the recommendations of the AOAC (2013), where the values are between 75 and 120% for this level of concentration. In addition, the values for the z-scores were calculated from the experimental data, and both CRMs demonstrated satisfactory values (less than 2.0) according to those recommended by INMETRO (2011) .
Recovery trials for organic Hg were also carried out. For this evaluation, a sushi sample with low organic mercury content was fortified at three different levels: 10, 100 and 1000 mg kg À1 of methylmercury, using solutions prepared from the salt of this specie (Sigma Aldrich, Steinheim, Germany). The values obtained in (mg kg À1 ) were: 11.1 ± 0.2; 94 ± 4 and 964 ± 67 respectively; which correspond to recoveries of 111%, 94% and 96%. Thus the values observed ranged between 94 and 111%, consistent with the AOAC (2013). In order to verify the absence of interconversion between inorganic and organic mercury, the sushi sample was fortified with 100 mg kg À1 of a standard solution containing only inorganic mercury (i-Hg). The result obtained was below the limit of quantification of the method and therefore it could be concluded that interconversion between the Hg species did not occur.
The precision of the method for MeHg þ was evaluated using 16 analytical repetitions (8 repetitions/day) from a sample of tuna
). The value obtained for the coefficient of variation was 9.0%, which satisfies the condition recommended by the AOAC (2013), which is 16% in the concentration range studied. The total Hg coefficient of variation was 5.5% (Morgano et al., 2015) .
Assessing the stability of the organic extract
According to data available in the literature, glass is the most suitable container for the storage of Hg (Houserova, Kuban, Spurny, & Habarta, 2006) . In this study, the evaluation of the stability of organic extract was performed considering both glass and polypropylene tubes. In Fig. 1 the observed results are presented. Fig. 1 demonstrates that when the organic extract was stored in a glass tube and kept at ambient conditions, its stability is significant for up to 21 days. In the present study a gradual reduction of methylmercury was observed after 22 days of refrigerated storage in a brown glass bottle.
The extraction method used by Houserova et al. (2006) was also based on a high-pressure microwave system, making use of 6 mol/l HCl þ 0.1 mol/l NaCl as the extraction agent. The researchers verified that the organic extracts remained stable for 3 days under ambient conditions, using 20 mL of solvent, repeating the extraction procedure twice, and storing in new polypropylene tubes with caps (Ruiz-de-Cenzano et al., 2014) . The present results also showed that the extract kept in glass and stored under refrigeration showed similar stability to that at room temperature up to the 11th day, after which a drop of approximately 10% of the organic Hg concentration was observed. Therefore it was concluded that the longer the storage time of the organic extract, the greater the propensity of the mercury content to decrease in solution. In addition, wide variations between replicates were observed with increase in the storage time of the extract.
Similar assays were carried out with the storage of the organic extracts in polypropylene tubes (Corning, New York, USA -PP) under ambient and refrigerated conditions. The graph presented in Fig. 1 shows that refrigerated storage resulted in a higher relative stability profile, where the extract was stable for 22 days (the entire analytical period), whereas the extract maintained at room temperature proved to be as stable as the one submitted to refrigeration for 14 days, after which it showed a decline of approximately 7% in the organic Hg content, corroborating with studies on the possibility of the adsorption of Hg on plastic containers used for storage purposes (Houserova et al., 2006) .
Results obtained for the samples
The Joint FAO/WHO (2011) Expert Consultation on the Risks and Benefits of Fish Consumption concluded that amongst women of childbearing age, pregnant women and nursing mothers, when considering the benefits of docosahexaenoic acid (DHA) versus the risks of methylmercury, fish consumption lowered the risk of suboptimal neurodevelopment in their offspring compared to not eating fish under most of the circumstances evaluated. More specifically it was concluded that even considering the highest estimate for the methylmercury risk, the neurodevelopmental risks of not eating fish exceeded the risks of eating fish for up to at least seven 100 g servings per week for all fish containing less than 0.5 mg/g (mg/kg) methylmercury (WHO, 2015) . Table 2 shows the results obtained for total (tHg), inorganic (iHg) and organic (oHg) mercury present on the samples and the ratios of oHg/tHg and iHg/tHg. For organic mercury, the assessment was carried out for those samples with values greater than 6.6 mg kg À1 of total mercury, which corresponds to the LOQ of the oHg method. Levels below the limit of quantification of the methods were not considered to the average calculation.
Of the 20 tuna sushi samples analyzed, a broad concentration range was observed for organic mercury: >6.6e583 mg kg À1 (Table 2 ). This result was possibly due to the origin and age of the fish. In the study of Burger et al. (2013) , sushi samples containing eel, salmon, crab and tuna were analyzed and significant differences in mercury levels amongst the types and components of the sushi were found, with tuna sushi having the highest levels and eel, crab, and salmon having lower levels. In this study, the levels in the tuna rolls averaged 470 mg kg
À1
. For what concerns tuna fish, literature reported similar Morgano et al. (2015) . observed by Galimberti, Corti, Cressoni, Moretti, Menotta, Galli, and Cambiaghi (2016) , which developed an assessment elements (Hg, Cd, Pb) in fishery products and fish imported in North Italy, from extra-European Union Countries. Sushi samples present different mercury levels: tuna > kani > salmon. These results are comparable with studies of other authors concerning to predatory fishes, such as tuna. These species are present in marine pelagic ecosystems at the top of food chain and they tend to accumulate great quantities of Hg. Regarding the ratio (in percent) between the organic and total mercury for tuna sushi, values of 69e99% were observed, with an average of 88%. This result is higher than those reported by Kuballa et al. (2011) who found a ratio of 70%, and it is consistent with the study of Burger et al. (2013) who presented a ratio of 90% between the organic and total mercury. Regarding the levels of methylmercury, Burger et al. (2013) found an average value of 600 mg kg À1 in tuna sushi; Bosch, O'Neill, Sigge, Kerwarth, and Hoffman (2016) found values ranging from 230 to 1024 mg kg À1 in tuna muscle, whereas in this work a mean of 560 mg kg À1 was determined.
The inorganic mercury (i-Hg) values were calculated as the difference between the total and organic mercury levels, with values between 2 and 202 mg kg À1 for tuna sushi and 4e5.7 mg kg
for kani sushi in the present study. The ratios, in percent, between the total and inorganic levels ranged from 1 to 31% and 33e42% for the tuna and kani sushi, respectively. For the kani sushi samples, values near to 8 mg kg À1 were also found for the organic mercury concentration, with a ratio corresponding to an average of 63% of the total mercury present in these samples (Fig. 2) . There is no available data in the literature about mercury species in kani.
For salmon sushi, the inorganic mercury content was not calculated since the organic mercury levels were below the method limit of quantification (6.6 mg kg
). In our study, the mean value of total mercury was 2.9 mg kg À1 for this sushi type. In literature are very few data regarding to sushi samples. Data for the presence of total Hg in pink and red canned salmon samples from the United States, showed levels of 22e79 and 15e67 mg kg
, respectively (Ikem & Egiebor, 2005) . Low values were verified for Zhang, Naidu, Kelley, Jeewett, Dasher, and Duff (2001), which observed Hg values varying from 25 to 137 mg kg À1 for salmon. In a previous study of our group (Morgano et al., 2014) performed in samples marketed in Brazil, total Hg levels in salmon sashimi (S. salar) ranging from 10 to 20 mg kg
. These values are higher than levels of this study: levels ranged from no detected to 2.9 mg kg À1 .
Estimation of the daily intake of methylmercury from the consumption of sushi and the exposure risk assessment
The estimated exposure to organic mercury was calculated considering a consumption of sushi: 150 g (for adults), value experimentally obtained by weighing the commercially available sushi and 20 g (for children), considering a minor portion. A number of sushi consumption situations were considered: occasional consumption (1 portion/week) ranging to moderate consumption (7 portions/week). In order to enable a comparison with the PTWI values established for MeHg þ , some considerations were based on the average proportion (63%) determined experimentally for kani sushi samples e "Kani 1" and "Kani 2" (see Table 2 ); -For salmon sushi samples with MeHg þ <6.6 mg kg À1 (LOQ method for organic mercury), the MeHg þ levels were estimated using reported data in literature (Zhang et al., 2001) . In this study salmon muscles were analyzed and the average proportion obtained for MeHg þ content was of 78%.
The values estimated for exposure are shown in Table 3 , where it can be seen that the tuna sushi samples had significant MeHg Therefore, divulging of the data concerning the high methylmercury levels and its toxicity is extremely important with respect to tuna sushi consumption by children, since the habit of eating fish, especially raw fish, has increased significantly and is increasing Tuna 1  Tuna 2  Tuna 3  Tuna 4  Tuna 5  Tuna 6  Tuna 7  Tuna 8  Tuna 9  Tuna 10  Tuna 11  Tuna 12  Tuna 13  Tuna 14  Tuna 15  Tuna 16  Tuna 17  Tuna 18  Tuna 19  Tuna 20 Hg ( in popularity in other countries besides Japan (Yano, Yokoyama, Satomi, Oikawa, & Chen, 2004) . Thus the contaminants in fish sushi, as well as the health benefits, need to be considered when examining the risks and benefits of fish consumption. The work developed by Burger et al. (2013) used the common risk assessment default assumption of a 70 kg male for the EPA's default risk guidance. The mean daily intake assuming a 60 kg body weight (bw) varied around values of 0.34 mg/kg/day, which is greater than the threshold oral reference dose published by the USEPA (2015) of 0.1 mg/kg/day, based on the neurodevelopmental effects of methylmercury, and also that published by the Agency for Toxic Substances and Disease Research, who indicated a minimum risk level of 0.3 mg/kg/day (ATSDR, 1999) . Nevertheless, the estimated exposure for children was not evaluated.
Estimating the mercury exposure from sushi is complex. This task is closely related to the eating habits of people from different regions, ethnicity, income, and also as a function of the number of fish-sushi meals per month, number of fish-sushi pieces per meal, and hence the number of fish-sushi pieces per month. An interview carried out by Burger et al. (2013) in a New Jersey university community regarding fish and sushi consumption, showed that 77% of the community consumed sushi (mean ¼ 3.27 meals/ month). Caucasians and Asians ate more sushi meals/month, and more sushi pieces/meal than other ethnicities, with East Asians eating more than South Asians. In the same study it was reported that some people in all ethnic groups ate more than 40 fish-sushi pieces/month. This data suggests that East Asians and Caucasians are more at risk from mercury in fish than other ethnic groups because of their sushi consumption patterns. Despite most of Japanese meals are composed by numerous fish species, sushi is generally composed by just one. Therefore, it is important to aware regular consumers of this dish regarding to mercury exposure, especially categories considered "vulnerable", as young children, pregnant and breastfeeding women to include a wide range of fish species in their diet, as well to control the consumption of tuna sushi.
Conclusion
The method developed for organic mercury using a system assisted by microwaves and TDA AAS was successfully applied to the sushi samples, agreeing to the concepts of "green chemistry", with high extraction efficiency and a reduction in the risk of contamination and loss when compared with conventional methods in open systems. There was no interconversion between the inorganic and organic chemical species of mercury under the analytical conditions used. From the studies carried out to assess the organic extract stability, it could be seen that the organic fractions suffered no significant variation for three weeks when stored in glass tubes and held under either ambient or refrigerated conditions.
The study revealed that samples of salmon and kani sushi had low values of Hg whilst tuna sushi presented the highest overall levels of total and organic Hg, with an average proportion of organic Hg/total Hg of 88%, indicating that the most toxic form of mercury (organic) predominated in this food. The evaluation of exposure to MeHg þ from sushi consumption was performed for adults and children: while for kani and salmon sushi the contribution for PTWI was insignificant; four portions (600 g) of tuna sushi could contribute 100% of the PTWI for MeHg þ for adult and for children (one of the most susceptibility groups) seven portions (140 g) of tuna sushi was sufficient to exceed 100% of the PTWI.
The present results highlighted the importance of including sushi consumption in risk assessments for fish intake and mercury exposure. People who eat fish frequently (more than once a week), young children, pregnant and breastfeeding women, should choose wisely and include a wide range of fish species in their diet. 
